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Human Cytomegalovirus Inhibits Tapasin-Dependent
Peptide Loading and Optimization of the
MHC Class I Peptide Cargo for Immune Evasion
cient cell line 721.220 and in tapasin-deficient mice
(Garbi et al., 2000; Grandea et al., 2000). Tapasin serves
crucial functions in facilitating peptide loading and opti-
mization of the peptide cargo (Grandea and Van Kaer,
2001; Purcell et al., 2001; Williams et al., 2002b). These
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Korea to bridge heavy chain/2m heterodimers to TAP (Ort-
2 Vaccine and Gene Therapy Institute mann et al., 1997) and to retain them in the ER (Grandea
Oregon Health and Science University et al., 2000; Schoenhals et al., 1999). Interestingly, vari-
Portland, Oregon 97201 ous class I molecules differ in their dependency on ta-
pasin for both efficient surface expression and presenta-
tion of antigenic determinants to CTL (Grandea et al.,
Summary 1997; Greenwood et al., 1994; Lewis and Elliott, 1998;
Park et al., 2003; Peh et al., 1998). In 721.220 (.220) cells,
The immune evasion protein US3 of human cytomega- tapasin is not required for high-level surface expression
lovirus binds to and arrests MHC class I molecules in of the HLA-B2705 allele (B27) or for presentation of viral
the endoplasmic reticulum (ER). However, substantial determinants to CTL (Peh et al., 1998). In contrast, for the
amounts of class I molecules still escape US3-medi- HLA-B4402 allele (B44), functional antigen presentation
ated ER retention, suggesting that not all class I alleles and surface expression are highly dependent on tapasin
are affected equally by US3. Here, we identify tapasin (Peh et al., 1998). Recent studies indicate that the nature
inhibition as the mechanism of MHC retention by US3. of amino acids at positions 114, 115, or 116 in the pep-
US3 directly binds tapasin and inhibits tapasin-depen- tide binding groove of HLA heavy chains acts as a major
dent peptide loading, thereby preventing the optimiza- determinant of the tapasin dependence of MHC class I
tion of the peptide repertoire presented by class I mol- molecules (Beissbarth et al., 2000; Park et al., 2003;
ecules. Due to the allelic specificity of tapasin toward Turnquist et al., 2000; Williams et al., 2002b).
class I molecules, US3 affects only class I alleles that
With the selective pressure of the host immune re-
are dependent on tapasin for peptide loading and sur-
sponse, several strategies have evolved for HCMV to
face expression. Accordingly, tapasin-independent
downregulate HLA-A and -B expression on the surface
class I alleles selectively escape to the cell surface.
of infected cells (Ploegh, 1998). At present, four different
gene products of the unique short (US) region, US2,Introduction
US3, US6, and US11, have been identified, each inde-
pendently capable of reducing expression of class IHuman cytomegalovirus (HCMV) is ubiquitous in human
heavy chains on the cell surface. The US2 and US11populations worldwide and has evolved intricate mecha-
gene products induce rapid export of the class I heavynisms for host immune evasion whereby latent or persis-
chains out of the endoplasmic reticulum (ER) into thetent viral infections follow primary infections. A major
cytosol, where the heavy chains are degraded by protea-immune defense of host cells against HCMV, and viral
somes (Wiertz et al., 1996a, 1996b). The US6 glycopro-infections in general, is mediated by cytotoxic T lympho-
tein prevents peptide loading of the MHC class I mole-cytes (CTL), which recognize and lyse infected cells
cules by inhibiting TAP-mediated peptide translocationupon engagement of the T cell receptor with MHC class
into the ER (Ahn et al., 1997; Hengel et al., 1997). Further-I molecules presenting viral peptides to the cell surface.
more, in cells constitutively expressing the ER-residentAssembly of the MHC class I heavy chain and 2-
transmembrane glycoprotein, HCMV US3, which con-microglobulin (2m) subunits with peptides is assisted
tains an ER retention signal in its luminal domain (Leeby transient interactions with several auxiliary molecules
et al., 2003), heavy chain/2m heterodimers are retained(Cresswell, 2000; Williams et al., 2002a). After initial as-
in the ER in a complex with US3 (Ahn et al., 1996; Jonessociation with calnexin (Degen and Williams, 1991; Raja-
et al., 1996). However, endoglycosidase H sensitivitygopalan and Brenner, 1994), heavy chain/2m hetero-
and immunofluorescence experiments also indicate in-dimers are recruited into the peptide-loading complex, a
complete retention, since substantial amounts of classmulticomponent assembly of ER proteins that facilitates
I molecules are detected on the surface of US3-express-the loading of high-affinity peptides into class I mole-
ing cells (Jones et al., 1996). This observation raises thecules. This complex includes the chaperone calreticulin,
possibility that not all class I alleles are affected equallythe two subunits of the transporter associated with anti-
gen processing (TAP), the thiol-dependent ERp57, and by US3. Here, we demonstrate that US3 directly binds
the MHC class I-dedicated chaperone tapasin (Cress- tapasin and acts as a tapasin inhibitor. US3 inhibits
well et al., 1999). The importance of tapasin for antigen tapasin-dependent high-affinity peptide loading and op-
presentation has been demonstrated in the tapasin-defi- timization of the MHC peptide repertoire. Accordingly,
tapasin-independent class I alleles selectively escape
US3-mediated retention.*Correspondence: ksahn@korea.ac.kr
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Results layed in their export from the ER, whereas B44 mole-
cules were completely resistant to endo H in the absence
of US3 (compare Figures 2A and 1B). B27 moleculesUS3-Mediated Downregulation of MHC Class I
Molecules Is Allele Specific and Correlates acquired endo H resistance without delay, indicating
their intrinsic insensitivity to US3 (Figure 2B). These datawith Their Tapasin Dependence
Although HCMV US3 has been shown to bind class I suggest that US3 might affect the cell surface expres-
sion of class I molecules by other mechanisms or by atmolecules and retain them in the ER (Ahn et al., 1996;
Jones et al., 1996), substantial amounts of class I mole- least an additional mechanism.
cules are detected on the cell surface (Jones et al.,
1996). To test whether this result reflects specificity of Association of US3 with the Components
US3 for class I alleles, we examined the effect of US3 of the Peptide-Loading Complexes
on the level of surface expression of MHC class I alleles. To explore the possibility that US3 might target the pep-
Surface expression of class I molecules was reduced tide-loading complexes to inhibit the intracellular matu-
specifically only in cells transfected with HLA-A3001, ration of class I molecules, we examined a physical
-B3501, -B4402, and HLA-G (Figure 1A), whereas sur- association between US3 and the components of the
face expression of HLA-A0210, -A2401, and B2705 peptide-loading complexes from digitonin lysates of
was not affected. These results indicate that US3 down- vvWT or vvUS3-infected HeLa cells. TAP, calreticulin,
regulates the cell surface expression of class I mole- ERp57, tapasin, and class I heavy chain were identified
cules in an allele-specific manner. Notably, we found a in anti-ERp57, -calreticulin, -tapasin, and -TAP coimmu-
remarkable correlation between US3-mediated class I noprecipitates in the presence and absence of US3 (Fig-
downregulation and the tapasin dependence of individ- ures 3Aa, lanes 2–6, and 3Ab, lanes 2–6). Notable is
ual class I alleles. We and others have recently shown that association of tapasin with TAP was significantly
that the degree to which class I surface expression is reduced in the presence of US3 (compare Figures 3Aa,
affected by tapasin is allele dependent (Park et al., 2003; lanes 4–6, with 3Ab, lanes 4–6). We observed that anti-
Peh et al., 1998). All MHC class I alleles (A3001, B3501, US3 immunoprecipitates obtained from digitonin lysates
B4402, and HLA-G) that depend on tapasin for their contain the class I heavy chain, tapasin, TAP1, TAP2,
surface expression (Park et al., 2003) are sensitive to and three additional proteins (indicated by arrowhead)
US3, whereas the tapasin-independent alleles (A0210, (Figure 3Aa, lane 1). The reciprocal immunoprecipitation
A2401, and B2705) are resistant to US3. of tapasin, TAP1, and TAP2 with anti-tapasin, anti-TAP1,
To investigate the mechanism by which US3 affects and anti-TAP2 antibodies coprecipitated US3 (lanes 4,
the surface expression of class I molecules in an allele- 5, and 6, respectively). In contrast, neither ERp57 nor
dependent manner, we chose HLA-B2705 (B27) and calreticulin was found in anti-US3 immunoprecipitates
HLA-B4402 (B44) for further study as representatives for (lane 1). Inconsistent with this finding, binding of US3
tapasin-independent and -dependent class I molecules, to either ERp57 or calreticulin was not observed in the
respectively. We initially compared the intracellular mat- reciprocal experiment in which we immunoprecipitated
uration and transport of B27 and B44 in the absence ERp57 and calreticulin with the respective antibodies
or presence of US3 by examining their acquisition of (lanes 2 and 3, respectively). An additional protein of
endoglycosidase H (endo H) resistance. In the presence about 60 kDa in anti-US3 immunoprecipitates (lane 1)
of US3, most B44 heavy chains remained sensitive to was not ERp57, as reprecipitation of the anti-US3 immu-
endo H treatment, even after a 90 min chase (Figure noprecipitates with anti-ERp57 antibody failed to detect
1B), reflecting retention of these molecules in the ER. ERp57 proteins (lane 15). As a control, reprecipitation
This result is in general agreement with previous obser- of anti-ERp57 immunoprecipitates (lane 2) with the same
vations (Ahn et al., 1996; Jones et al., 1996). In contrast, antibody precipitated ERp57 proteins (lane 14).
pulse-chase experiments from US3-negative and -posi- Since US3 associates specifically with tapasin, TAP,
tive cells acquired comparable endo H resistance by and class I heavy chain and affects the interaction of
B27 (Figure 1C), indicating that its intracellular transport TAP/tapasin, we analyzed whether US3 affects the asso-
is not affected by US3. The intracellular maturation and ciation among the components of the peptide-loading
transport results correlate with the cell surface expres- complexes, focusing on the class I/tapasin/TAP interac-
sion of MHC class I molecules. tion. The amount of anti-TAP immunoprecipitates from
US3-positive K562 and .220 transfectants was some-
what reduced compared to the amount from US3-nega-US3 Devoid of an ER Retention Signal Still Impairs
the Maturation of Class I Alleles tive K562 and .220 cells (Figures 3B and 3C), whereas
the amount of tapasin was not affected by US3 (dataTo examine whether ER retention of class I molecules
is solely attributed to the ability of US3 to act as an ER not shown). When the reduced amount of TAP in the
presence of US3 was normalized, class I allele-specificretention molecule, as suggested in previous studies
(Ahn et al., 1996; Jones et al., 1996), we infected K562 differences of US3 were still evident for the TAP-associ-
ated proteins. In US3-negative K562 cells, tapasin andcells expressing either B44 or B27 with the recombinant
vaccinia virus encoding either US3/E63A or US3/K64A, class I heavy chains efficiently coprecipitated with
TAP (Figures 3B and 3C, lanes 1). In US3-positive K562/US3 point mutants in which their ER retention motifs
are disrupted and are localized into the Golgi (Lee et B44 cells, TAP/tapasin and TAP/B44 complexes were
strongly reduced (Figure 3B, lane 2). In US3-positiveal., 2003). In the presence of either the US3/E63A or
US3/K64A mutant, B44 molecules were significantly de- K562/B27 cells, the TAP/tapasin interaction was also
Subversion of Tapasin by HCMV US3
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Figure 1. Allele-Specific Effect of US3 on the
Intracellular Maturation and Surface Expres-
sion of MHC Class I Molecules
(A) K562 cells transiently expressing indi-
cated HLA class I heavy chains were infected
with either vvWT or vvUS3. Cells were stained
with mAb W6/32 followed by FACS analysis.
FACS histograms show cells without US3
(thin line) and with US3 (thick line) and the
preIgG-stained negative control. K562.B44
(B) and K562.B27 (C) cells were infected with
vvUS3, labeled with 35S-methionine for 15
min, and chased for indicated times. Cell ly-
sates were immunoprecipitated with mAb
W6/32 and digested for 16 hr with () or with-
out (-) endo H; endo H-resistant (r) and endo
H-sensitive (s) protein bands are indicated.
slightly reduced, but normal levels of the TAP/B27 com- confirm the bridging function of tapasin between TAP
and B44 and also suggest that US3 can associate withplex were detected (Figure 3C, lane 2). In tapasin-defi-
cient .220/B44 cells, no tapasin and B44 were detected TAP regardless of tapasin. In the absence of tapasin,
association of B27 with TAP, albeit weak, was observedin TAP immunoprecipitates, whereas US3 could clearly
be recovered (Figure 3B, lanes 3 and 4). These results in this and repeated experiments (Figure 3C, third panel).
Immunity
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Figure 2. US3 Devoid of an ER Retention Signal Still Impairs the Intracellular Maturation of Certain Class I Alleles
K562.B44 (A) and K562.B27 (B) cells were infected with either vvUS3/E63A or vvUS3/K64A, labeled with 35S-methionine, chased for indicated
times, and lysed in 1% NP-40 lysis buffer. The lysates were immunoprecipitated with mAb W6/32.
This coprecipitation might be due to the truncated ta- (Figure 4B, lane 4). These results indicate that the asso-
pasin product present as a result of the tapasin mutation ciation of TAP with US3 is not dependent on either class
in .220 cells (Copeman et al., 1998). I molecules or tapasin. In TAP-deficient T2 cells, the
anti-US3 antibody coprecipitated tapasin (Figure 4C,
lane 5), suggesting that in addition to binding TAP, US3Association of US3 with Tapasin Is Direct
binds tapasin.but Its Association with Class I Heavy
To determine whether US3 directly associates withChains Is Allele Specific
tapasin, we investigated the interaction of US3 with ta-The possibility cannot be ruled out that the coprecipita-
pasin translated in vitro. For the digitonin-lysed samples,tion of one component of the peptide-loading com-
anti-tapasin immunoprecipitates revealed a faint US3plexes with US3 might occur through the interaction
protein band (Figure 4D, lane 3). The reciprocal immuno-with other molecules in the complexes. To further char-
precipitation with anti-US3 antiserum coprecipitated ta-acterize the association of US3 with TAP/tapasin/HC,
pasin (lane 4). We also analyzed the possible direct asso-we addressed the physical association of US3 with these
ciation between US3 and class I molecules using an inmolecules. In the class I-negative K562 cells, immuno-
vitro system. Antibodies W6/32, anti-US3, and anti-2mprecipitation of US3 by either US3N or US3C polyclonal
(BBM.1) recovered B27/2m, B44/2m, US3, and 2m,antisera coprecipitated TAP1/2 (Figure 4A, lanes 4 and
respectively, from NP4-0 lysates (Figure 4E, lanes 1–4,5, respectively). The coprecipitation of TAP with US3
was maintained in the absence of tapasin (.220 cells) respectively). In digitonin-solubilized samples, W6/32
Subversion of Tapasin by HCMV US3
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Figure 3. Effect of US3 on the Interaction of Peptide-Loading-Complex Components
(A) vvUS3 (a) or vvWT-infected (b) HeLa cells were labeled with 35S-methionine for 2 hr and lysed in either 1% digitonin (a, lanes 17, and b)
or 1% NP-40 buffer (a, lanes 812). The lysates were subject to immunoprecipitation with the indicated antibodies, followed by reprecipitation
with the appropriate antibodies (lanes 1315). K562.B44 and .220.B44 (B) cells or K562.B27 and .220.B27 (C) cells were infected with either
vvWT or vvUS3. Cells were lysed with 1% digitonin and immunoprecipitated with anti-TAP rabbit serum. The immunoprecipitates were resolved
by SDS-PAGE and immunoblotted for TAP 1 and 2. The same membrane was then stripped and reprobed with R.gp48N (anti-tapasin), K455
(anti-class I MHC heavy chain), and anti-US3 sera. The relative intensities of coprecipitated TAP 1 and 2 with B44, B27, or tapasin were
compared with vvWT-infected cells.
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immunoprecipitated B44 together with 2m and US3 completely inhibited peptide transport activity (Figure
5D). In contrast, no significant inhibition in TAP-medi-(lane 6), indicating the physical association of these
ated peptide translocation was observed in vvUS3-three components. Interestingly, immunoprecipitation
infected cells, suggesting that US3 has no effect onwith K455 antiserum showed that US3 binds to B44
TAP-related function.even in the absence of 2m (lane 8). Since US3 was not
detected in anti-2m immunoprecipitates (lane 9), we
Direct Interaction of US3 and Class I Heavy Chainsconcluded that US3 directly associates with the heavy
Is Not Required for US3-Mediated Impairedchain region of B44. In contrast, for B27 translation mix-
Maturation of Class I Moleculestures, W6/32 immunoprecipitated only B27 heavy chains
Based on the results shown above, the mechanism un-and associated 2m but did not immunoprecipitate US3
derlying US3-mediated impaired maturation of class I(lane 5). US3 and B27 did not coprecipitate in the ab-
molecules might involve either the inhibition of the other,sence of 2m (lane 7). These results indicate the lack of
but not the bridging function of tapasin or the simpleassociation of US3 with B27 heavy chains in the in vitro
physical binding of class I molecules or both of thesesystem. To confirm the results obtained with the in vitro
mechanisms. In particular, our observation that thesystem, we performed a similar analysis by using the
binding affinity of US3 to class I molecules is correlatedDrosophila cell expression system. The cDNA encoding
with its ability to downregulate class I molecules raisedUS3 was cotransfected with the indicated cDNAs into
the question as to whether the binding of US3 to classSC2 cells. Immunoprecipitation of B44 with K455 copre-
I molecules is required for the immunoevasive functioncipitated US3 regardless of 2m (Figure 4F, lanes 2 and
of US3. To explore these possibilities, we assessed the4). In contrast, US3 could not be recovered from B27
ability of US3 to downregulate class I molecules in whichimmunoprecipitates (lanes 1 and 3), even though each
their ability to interact with tapasin is affected by pointlane contained comparable amounts of class I mole-
mutations. We have shown that the nature of amino acidcules (bottom panel). These results agree with the in
at position 114 of the heavy chain is important for thevitro results and support the notion that association of
association of class I molecules with tapasin (Park andclass I molecules with US3 exhibits allele-specific differ-
Ahn, 2003; Park et al., 2003). A glutamic acid to histidineences.
substitution at position 114 of B44 (B44/D114H) renders
the otherwise tapasin binding B44 incapable of inter-Murine Tapasin Counteracts US3 Downregulation
acting with tapasin. The opposite substitution (B27/of Class I Molecules and US3 Does Not
H114D), histidine to glutamic acid at position 114 of B27,Inhibit TAP Function
is sufficient to change the B27 allele from weak to strongGiven that US3 binds tapasin and TAP, it is possible
binding regarding tapasin. Following expression of US3that US3 specifically targets these molecules. To test
in K562 cells that stably express B27/H114D or B44/whether murine tapasin could overcome US3 downregu-
D114H, we examined the susceptibility of these mutantslation of class I molecules, we transiently expressed
to US3. Pulse-chase experiments showed that in themurine tapasin in US3-expressing K562.B44 cells. Inter-
presence of US3, B27/H114D heavy chains were trans-
estingly, murine tapasin restored cell surface expression
ported with slower kinetics when compared to mole-
of class I molecules, albeit not fully (Figure 5A), sug-
cules without coexpressed US3. Accordingly, the den-
gesting that tapasin is the main target of US3 action. sity of B27/H114D on the cell surface was reduced upon
To investigate whether US3 targets the bridging function expression of US3, as indicated by FACS analysis (Fig-
of tapasin between class I and TAP to downregulate ure 6A). In contrast, US3 expression had little effect on
class I, we expressed soluble tapasin in .220.B44 cells the intracellular transport of B44/D114H and its surface
(.220.B44.solTapasin). In agreement with a previous expression (Figure 6B). Interestingly, the effect of US3
study (Lehner et al., 1998), indeed, soluble tapasin re- on the maturation and surface expression of B27/H114D
stored the cell surface expression of B44 (Figure 5B). and B44/D114H did not correlate with a stable associa-
We then proceeded to evaluate the ability of US3 to tion between US3 and these mutants (Figure 6C). Like
downregulate B44 in .220.B44.solTapasin cells. Expres- wild-type B44, immunoprecipitation of B44/D114H with
sion of US3 reduced the surface expression of B44 to W6/32 antibody from the lysates of US3-positive SC2
a level comparable to that observed in .220.B44 cells. cells coprecipitated US3 (lane 6), whereas no such asso-
From the digitonin extracts of these cells, anti-US3 anti- ciation was detected between B27/H114D and US3 (lane
serum coprecipitated soluble tapasin (Figure 5C, lane 7). We do not still exclude the possibility that the interac-
3), indicating that the luminal domain of tapasin is suffi- tion may be present in the cell but not survive digitonin
cient for mediating the interaction. Although it still re- solubilization. Nevertheless, these results suggest that
mains possible that soluble tapasin might connect TAP US3-mediated downregulation of class I molecules does
to class I molecules, we conclude that US3 does not not necessarily require the physical interaction of US3
target the class I/TAP bridging function of tapasin and with class I molecules and thus the physical binding
might inhibit the tapasin function that is mapped to the property of US3 to class I molecules cannot be used as
luminal domain of tapasin. To examine whether US3 a criterion for judging the sensitivity of class I molecules
inhibits TAP function or affects the selectivity of TAP to US3.
for peptide transport, we directly examined the effect
of US3 on peptide translocation by TAP in K562/B44 US3 Inhibits Peptide Optimization of Tapasin-
cells using a reporter peptide that is a TAP substrate Dependent Class I Alleles
but has no affinity for the B44. As a control, HCMV US6, One of the proposed functions of tapasin is promoting
optimal peptide loading of class I molecules and opti-a TAP inhibitor (Ahn et al., 1997; Hengel et al., 1997),
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Figure 4. US3-Tapasin Association Is Direct but US3-Class I Association Is Allele Specific
K562 (A), .220 (B), and T2 cells (C) were infected with either vvWT or vvUS3, and digitonin lysates were immunoprecipitated with anti-US3, -
TAP, or -tapasin antibodies. The proteins were resolved by SDS-PAGE, transferred to polyvinylidene fluoride membranes, and probed with
the indicated antibodies. (D and E) The indicated proteins were transcribed and translated in vitro in the presence of 35S-methionine and
microsomal membranes. After sedimentation, the pellets were lysed with either 1% NP-40 or 1% digitonin, and the lysates were immunoprecipi-
tated with the appropriate antibodies. (F) SC2 cells were transfected with DNAs encoding B27, B44, 2m, and US3. Digitonin-solubilized
extracts were immunoprecipitated with K455 (lanes 14) or BBM.1 (lane 5) antibody and then blotted with anti-US3 rabbit sera (upper panel).
Membranes were reprobed for class I heavy chains with K455 (bottom panel).
Immunity
78
Figure 5. US3 Targets Tapasin but not TAP
Function for Downregulation of Class I Mole-
cules
K562.B44 (A), .220.B44, and .220.B44.solTa-
pasin cells (B) were infected with vvUS3. Mu-
rine tapasin (A) or soluble human tapasin (B
and C) was transiently transfected into the
cells. Surface expression of B44 was mea-
sured by FACS analysis. (C) .220.B44.solTa-
pasin cells were lysed with 1% digitonin and
immunoprecipitated with the indicated anti-
bodies. The immunoprecipitated proteins
were resolved by SDS-PAGE and blotted with
R.gp48N (anti-tapasin). (D) Translocation of
the reporter peptides (RYNATGRL) into the
ER of K562.B44 cells was analyzed.
mizing the MHC class I peptide repertoire (Grandea and plexes and the affinity of their peptide cargo (Fahnes-
tock et al., 1992; Schumacher et al., 1990; Williams et al.,Van Kaer, 2001; Williams et al., 2002b). B44 and B27/
H114D are highly dependent on tapasin for optimal pep- 2002b). Quantification of heavy chain intensities showed
that similar amounts of B27, a tapasin-independent al-tide binding, whereas the peptide loading of B27 and
B44/D114H are relatively independent of tapasin (Park lele, were stable with or without US3, indicating that
US3 does not affect optimization of the B27 peptideet al., 2003; Peh et al., 1998). To investigate whether US3
inhibits tapasin-mediated optimization of the peptide repertoire (Figure 7Aa, left). In contrast, the thermosta-
bility of tapasin-dependent B27/H114D, with or withoutrepertoire, we took advantage of the well-known correla-
tion between the thermostability of MHC class I com- US3, differed at all temperatures, becoming most promi-
Subversion of Tapasin by HCMV US3
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nent at 50C, a temperature at which no class I com- peptide into B27. In contrast to B27, in the presence of
US3 the loading of high-affinity peptide into B27/H114Dplexes are recovered in the presence of US3 (Figure
7Aa, right). The thermostability profiles of B44 and B44/ was substantially reduced at all concentrations of the
competitor GRIDKPILS, a lower-affinity peptide (DedierD114H were essentially the opposite of the thermostabil-
ity profiles of B27 and B27/H114D, respectively. In the et al., 2000), when compared to the peptide loading of
B27/H114D in the absence of US3 (Figure 7Bd). Thesepresence of US3, tapasin-dependent B44 was less ther-
mostable at all temperatures than in the absence of US3. results indicate that the loading of high-affinity peptides
into tapasin-dependent, but not tapasin-independent,In particular, no class I complexes could be recovered
at 50C (Figure 7Ab, left). Like in wild-type B27, expres- class I alleles is inhibited by US3. In conclusion, our
data provide compelling evidence that the HCMV US3sion of US3 did not visibly change the thermostability
pattern of B44/D114H, a tapasin-independent mutant gene product targets the peptide loading and optimiza-
tion functions of tapasin and thereby inhibits antigen(Figure 7Ab, right). These results show that peptide opti-
mization of only tapasin-dependent class I molecules is presentation by MHC class I molecules.
influenced by US3. This correlation thus suggests that
US3 inhibits the tapasin function of optimizing peptide Discussion
cargo.
Here, we identify tapasin inhibition as a novel function
of HCMV for immune evasion. By using cell lines ex-US3 Interferes with Tapasin-Catalyzed
High-Affinity Peptide Loading pressing particular class I alleles together with thermo-
stability and in vitro peptide-loading assays, we clearlyIn an additional and related approach to test the US3
targeting of tapasin, we used reporter peptides to as- demonstrate that US3 inhibits tapasin-dependent pep-
tide loading and optimization of bound peptides, latesess the ability of US3 to inhibit the loading of high-
affinity peptides into tapasin-dependent class I mole- events during the assembly of functional MHC class I
complexes. Our data indicate, more specifically, thatcules. We isolated microsomes from K562 cells that
express B44, B44/D114H, B27, or B27/H114D, with or the molecular mechanism by which US3 inhibits optimal
peptide loading involves interference with the peptide-without US3. The microsomes were incubated with 0.8
M of the AEIDKVTGY peptide, a high-affinity ligand for exchange function of tapasin. As a consequence of al-
lelic specificity of tapasin toward class I molecules, theB44 (DiBrino et al., 1995), in the presence of different
concentrations of the cold competing peptide AAIDKV US3 gene product affects only class I alleles that are
dependent on tapasin for their surface expression.TGY, which has a lower affinity for B44 (DiBrino et al.,
1995). We used the different lower-affinity peptides as Tapasin inhibition has also been observed for the ade-
novirus E19 protein (Bennett et al., 1999). E19, a presum-competitors to better understand the concept of peptide
exchange, presumably mediated by tapasin. The amount ably functional homolog of US3, binds and retains class
I heavy chains in the ER, thus preventing transport toof peptide loading was determined by measuring the level
of incorporation of labeled peptide into W6/32-reactive the cell surface (Andersson et al., 1985; Burgert and
Kvist, 1985). In addition to the capability of E19 to retainclass I molecules. In the presence of US3, the amount
of reporter peptides loaded into B44 was markedly re- MHC class I molecules in the ER by binding to heavy
chains and preventing transport, a recent study hasduced in inverse proportion to the concentration of com-
peting peptides. Displacement was complete at 6.4 M shown that E19 binds TAP and acts as a tapasin inhibi-
tor, preventing class I/TAP association, thereby causingof the competitor peptide (Figure 7Ba, lower panel). In
the absence of US3, however, more than 12.8 M of the a delay in class I maturation. Since the study of Bennett
and coworkers did not include functional assays andcompetitor peptide was required to displace reporter
peptide binding to B44 (upper panel). In contrast, no tested only the HLA-B8 class I allele, the specific molec-
ular mechanisms by which E19 impairs the maturationdiscernible difference was observed for the ability of
B44/D114H to bind high-affinity peptides in the pres- of class I molecules were not clear. We expect that
like US3, E19 interferes with tapasin-mediated peptideence or absence of US3 (Figure 7Bb). Analysis of B27
and B27/H114D revealed that wild-type B27 resembles loading, affecting only class I alleles that are dependent
on tapasin for their maturation. E19, does, in fact, exhibitB44/D114H, whereas B27/H114D mimics the phenotype
of wild-type B44 with respect to the effect of US3 on allelic specificity toward class I molecules (Beier et al.,
1994; Burgert and Kvist, 1987). The observation thatpeptide loading. In the presence of US3, B27 binds the
reporter peptide, GRIDKPILV, a high-affinity ligand for B27, a tapasin-independent allele, escapes from intra-
cellular retention by E19 (Beier et al., 1994) supportsB27 (Dedier et al., 2000), as efficiently as B27 binds the
peptide in the absence of US3 (Figure 7Bc), indicating this hypothesis.
Although the functional phenotype of adenovirus E19that US3 does not affect the loading of the high-affinity
Figure 6. Direct Association of US3 with Class I Molecules Is Not Required for US3-Mediated Downregulation of Class I Molecules
K562.B27/H114D (A) and K562.B44/D114H (B) cells were infected with either vvWT or vvUS3, labeled with 35S-methionine, chased for indicated
times, and lysed in 1% NP-40 lysis buffer. Aliquots of the cells were analyzed by FACS for surface expression of class I molecules. For
comparison, K562.B44  US3 and K562.B27  US3 cells were included. Staining of cells is shown by dotted lines (negative control), thin
lines (-US3), and thick lines (US3). (C) SC2 cells were transfected with cDNAs encoding US3 and B44, B27, or their mutants. Digitonin-
solubilized lysates were immunoprecipitated with preimmune IgG1 (lane 2), anti-US3 serum (lane 3), and K455 (lanes 47) and probed with
anti-US3 serum. For loading control, aliquots of K455-immunoprecipitates were probed with K455 (bottom panel).
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and HCMV US3 appears similar, several lines of evi- seems that the affinity of US3 binding to class I mole-
cules correlates with the extent of their ER retention.dence indicate that these viral proteins use different
mechanisms for inhibiting tapasin. Whereas the E19 pro- This correlation is consistent with the notion originally
proposed by previous studies that US3 retains MHCtein independently binds to either class I molecules or
TAP and thus disrupts the bridging function of tapasin class I molecules in the ER by binding to heavy chains
(Ahn et al., 1996; Jones et al., 1996). The apparent corre-(Bennett et al., 1999), US3 does not target the class
I/TAP bridging function of tapasin to downregulate class lation raises the question as to whether both tapasin
inhibition and the direct retention of class I moleculesI molecules. US3 is still able to downregulate class I
molecules whose surface expression in tapasin-nega- by US3 are operative for a particular class I allele or
whether only one is operative for the specific class Itive .220 cells is restored by soluble tapasin, which lacks
transmembrane and cytoplasmic domains (Figure 5B). molecule. Our data support two mechanisms, either or
both of which are operative, by which US3 impairs theIn addition, unlike adenovirus E19, which is stable (Burg-
ert and Kvist, 1985), US3 has a short half-life (Ahn et al., maturation of class I molecules. US3 inhibits tapasin-
mediated peptide loading into B44 with which it associ-1996) and associates only transiently with MHC class I
molecules (Gruhler et al., 2000). The functional relevance ates (Figure 7Ba), indicating that both mechanisms are
operative, although we could not clarify whether bothof this difference is not immediately clear, but these
properties of US3 might be better suited for functions mechanisms are synergistic or additive. In contrast,
B27/H114D, a tapasin-dependent point mutant, was stillother than simple physical binding of class I molecules.
The most distinct feature that separates US3 from E19 affected by US3 despite lack of association between
these molecules (Figures 6 and 7Bd). This result indi-is the capability of US3 to bind tapasin directly (Figures
4 and 5C, respectively), whereas E19 does not bind cates that tapasin inhibition is solely responsible for the
downregulation of the class I molecule. In this case, wetapasin; instead, E19 competes with tapasin for binding
TAP and class I molecules (Bennett et al., 1999), acting envisage that HCMV US3 evolved tapasin inhibition to
downregulate the class I alleles to which it could notas a “competitive inhibitor” of tapasin. Direct binding
of US3 to tapasin might affect tapasin conformation, tightly bind.
Our data support the hypothesis of viruses operatingthereby turning off the catalytic function of tapasin for
peptide loading and optimization of the bound peptides, several immune evasion genes by different mecha-
nisms, with each mechanism directed toward certainacting as a “noncompetitive inhibitor” of tapasin. Thus,
US3 might be a useful tool to further dissect the later MHC class I haplotypes or certain peptides. To date,
allele-specific differences have been described for allevents of class I assembly in the ER.
Through our analysis of the characteristics of the TAP/ US gene products but US3. Although the production of
US2 and US11 with similar functions seems redundant,class I association, we observed that US3 differentially
influences the TAP/class I interaction depending on the in mouse models, the proteins differ in their ability to
attack allelic forms of mouse heavy chains. US11 de-class I allele analyzed. The TAP/B44 interaction was
reduced, as expected if tapasin bridges TAP to class I grades H-2 Kb, Db, Dd, and Ld efficiently. US2 is most
effective in degrading Db and Dd (Machold et al., 1997).molecules, whereas the TAP/B27 interaction was not
affected, despite the US3-mediated reduced associa- US6 is not able to prevent TAP-independent presenta-
tion of signal sequences, which might be, paradoxically,tion between TAP and tapasin (Figure 3). The amino
acid differences among the respective class I alleles are beneficial to HCMV for immune evasion. HCMV UL40
encodes a canonical ligand for HLA-E in its signal se-mainly located in the peptide binding regions of the
12 domain of class I molecules. Coimmunoprecipita- quence. This TAP-independent HLA-E ligand enhances
surface expression of HLA-E, and renders HCMV-infectedtion experiments have implicated that residues within
the peptide binding groove might be involved in TAP cells capable of avoiding NK-mediated lysis (Tomasec
et al., 2000; Ulbrecht et al., 2000). We now show thatassociation (Neisig et al., 1996). Moreover, two addi-
tional studies revealed that a point mutation in the 2 only tapasin-dependent class I alleles are affected
for their maturation and surface expression by US3,domain of the HLA-A2.1 molecule (T134K) abrogates its
ability to associate with TAP (Lewis et al., 1996; Peace- whereas tapasin-independent alleles are resistant to the
activity of US3. These findings provide the final pieceBrewer et al., 1996). Thus, the differential influence of
US3 on TAP/class I interaction might reflect the prefer- of data for concluding that all US gene products indeed
exhibit allele specificity. The novel strategy of US3 toential affinity of US3 to the polymorphic residues in the
12 domain that are also important for TAP associa- target tapasin would provide viruses for more effective
coverage of a broader range of class I molecules. Thetion. Whatever the case, it is evident that US3 does not
affect TAP function for peptide transport (Figure 5D). viral strategy of targeting the peptide-loading com-
plexes is not likely limited to HCMV and adenovirus. TheBased on behaviors of B44 and B27 molecules, it
Figure 7. US3 Inhibits Tapasin-Dependent Peptide Loading and Optimization of the MHC Class I-Peptide Repertoire
(A) K562.B27 or K562.B27/H114D (a) and K562.B44 and K562.B44/D114H (b) cells were infected with either vvWT or vvUS3, labeled with 35S-
methionine for 30 min, and lysed in 1% NP-40 lysis buffer. Equal aliquots of lysis supernatants were incubated at 4C, 37C, and 50C for 30
min, then immunoprecipitated with mAb W6/32. For each temperature, the intensity of the class I heavy chain radioactive band was quantified
by phosphorimaging.
(B) Microsomal membranes were derived from K562.B44 (a), K562.B44/D114H (b), K562.B27 (c), and K562.B27/H114D (d) cells that had been
infected with either vvWT (-US3) or vvUS3 (US3).
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with 0.1% digitonin, and proteins were eluted by boiling in SDSmurine -herpesvirus-68 K3 (mK3) is a PHD/LAP finger
sample buffer. Proteins were separated by 12% SDS-PAGE, trans-protein that mediates the degradation of nascent class
ferred into nitrocellulose membranes, and probed with the appro-I molecules via the ubiquitin/proteaseome pathway (Bo-
priate Abs for 6 hr. Membranes were washed three times with PBS
name and Stevenson, 2001). Though its mode of action with 0.1% Tween 20 and incubated with HRP-conjugated streptavi-
is quite different from that of US3, mK3 exploits the din (Pierce) for 1 hr at 4C. Immunoblots were visualized with ECL
detection reagent (Pierce).intact TAP/tapasin complex to impart target specificity
by bringing mK3 and class I molecules into proximity
Thermostability and Peptide-Loading Assayswith one another (Lybarger et al., 2003). The murine CMV
Thermostability assays were performed essentially as describedprotein m152 functions in a manner similar to US3, in
(Williams et al., 2002b), except that K562 cells were used. Peptide-
that it causes retention of peptide-loaded class I com- loading experiments were previously described in detail (Park et al.,
plexes in the endoplasmic reticulum Golgi intermediate 2003). The photoconjugated and biotinylated reporter peptides (0.8
compartment. Given the fact that m152 per se is trans- M), with or without various concentrations of the unlabeled com-
peting peptides, were mixed with 20 l of microsomes (concentra-ported due to the lack of an ER retention signal (Ziegler
tion of 60 A280/ml) in a total volume of 50l. After mixing, the sampleset al., 1997), m152 might possibly also exploit peptide-
were immediately irradiated at 365 nm for 10 min at 26C and storedloading complexes to downregulate class I molecules.
on ice for 10 min. The membranes were lysed with 1% digitonin,
It will be interesting to discover whether more viruses and the crosslinked proteins were immunoprecipitated by W6/32.
target peptide-loading complexes to evade immune rec- Biotinylated proteins were visualized by using ECL Western blotting
ognition by hosts. reagent (Pierce).
Peptide Transport AssayExperimental Procedures
Peptide transport assay was performed as described (Jun et al.,
2000). The K562.B44 cells were permeabilized with streptolysin-OCells and Antibodies
for 20 min at 37C and incubated for 10 min at 37C in 5 M of aMHC class I-negative K562 human leukemia cells, tapasin-negative
FITC-conjugated peptide (RYNATGRL) in the presence of 1 mM DTThuman B cell line .220, and TAP-deficient cell line T2 were grown
and 10 mM ATP. Following lysis in 1% NP-40, the glycosylatedin RPMI 1640 supplemented with 10% FBS. To establish stable cell
peptide fraction was isolated with ConA-Sepharose beads and fluo-lines expressing B27, B44, and their mutants, we cloned each cDNA
rescence on the peptides eluted from ConA was measured in ainto the pcDNA3.1 mammalian expression vector (Invitrogen, Carls-
fluorescence reader (HTS 7000 Bio Assay Reader; Perkin-Elmer,bad, CA). The resulting constructs were transfected into K562 and
Norwalk, CT)..220 cells, and stable clones were selected by adding 1 mg/ml
and 0.5 mg/ml of G418, respectively (Life Technologies). Drosophila
Transfections, Viral Infections, and Flow Cytometrymelanogaster SC2 cells were cultured at 28C in Schneider’s me-
These experimental procedures were described in detail earlierdium with 10% FBS. The polyclonal rabbit K455 antibody reacts with
(Park et al., 2003).class I heavy chains and 2m in both assembled and nonassembled
forms. The mAb W6/32 recognizes only the complex of heavy chain
DNA Constructsand 2m, and mAb BBM.1 recognizes human 2m. Rabbit antisera
The cDNAs encoding human tapasin and human 2m were sub-against human TAP-1 and TAP-2 were previously described (Fruh
cloned into the pcDNA3.1/hygromycin vector and pcDNA3.1/neo-et al., 1992). The anti-tapasin Ab (R.gp48N) was kindly provided by
mycin vector, respectively (Invitrogen). Site-directed mutants of B27Peter Cresswell (Yale University, New Haven, CT). The anti-ERp57
with H to D at position 114 (B27/H114D) and B44 with D to H atand anti-calreticulin antibodies were purchased from StressGen
position 114 (B44/D114H) were previously described (Park et al.,Biotechnologies (Victoria, Canada). Polyclonal antisera (US3N and
2003). The cDNA encoding soluble tapasin was a gift from FrankUS3C) detecting US3 were previously described (Ahn et al., 1996).
Momburg (German Cancer Research Center, Heidelberg, Germany).
Murine tapasin, all HLA cDNAs, and their mutagenized derivativesMetabolic Labeling and Immunoprecipitation
were inserted into the pcDNA3.1 (Invitrogen).Cells were starved for 50 min in medium lacking methionine, labeled
with 0.1 mCi/ml 35S-methionine (TranS-label; NEM, Boston, MA) for
Acknowledgments15 min, and chased in normal medium for indicated times. Cells
were lysed using either 1% digitonin (Calbiochem) or 1% Nonidet
We would like to thank Drs. Peter Cresswell and Frank MomburgP-40 (NP-40; Sigma-Aldrich, St. Louis, MO) in PBS with a protease
for providing valuable reagents. This work was supported by grantsinhibitor mixture. After preclearing cell lysates with protein G- or
from the Molecular and Cellular BioDiscovery Research ProgramA-Sepharose (Amersham Pharmacia Biotech, Piscataway, NJ), pri-
(M10106000054) and The Center for Functional Analysis of Humanmary Abs and protein G- or A-Sepharose were added to the superna-
Genome (FG-3-1-01) from the Ministry of Science and Technology.tant and incubated at 4C with rotation for 2 hr. For endoglycosidase
H (endo H) treatment, immunoprecipitates were digested with 3 mU
Received: July 14, 2003of endo H (Roche, Indianapolis, IN) at 37C overnight in 50 mM
Revised: September 22, 2003sodium acetate (pH 5.6), 0.3% SDS, and 150 mM -mercaptoethanol
Accepted: December 10, 2003(Sigma-Aldrich).
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